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To  benefit  from  the  large  capacity  gain  advantages  offered  by  lithium-induced  electrochemical  alloy¬ 
ing  and  to  overcome  poor  kinetics,  a  novel  concept  to  tackle  such  issues  by  using  porous  hierarchical 
microspheres  with  an  interconnected  network  of  nanoplate  building  blocks,  has  been  introduced  and 
demonstrated  with  Sn1.0P1.17O4.72  glass  as  an  example.  Such  desired  three-dimensional  microarchitec¬ 
tures  with  exciting  nanosize  effects  can  be  exploited  to  fabricate  next  generation  of  lithium-ion  batteries 
where  outstanding  rate  capability  and  sustained  reversible  capacity  are  achieved. 

©  2008  Elsevier  B.V.  Ah  rights  reserved. 


1.  Introduction 

For  lithium-ion  batteries,  metals  and  semiconductors  (for  exam¬ 
ple  tin-  and  silicon-based  materials)  that  react  with  lithium  to  form 
alloys  are  among  the  most  appealing  and  competitive  candidates 
for  new  types  of  electrode  materials,  in  which  lithium-induced 
alloying  processes  are  partially  reversible  and  of  low  potential  rel¬ 
ative  to  lithium,  involve  a  large  number  of  atoms  per  formula 
unit,  and  in  particular  provide  a  specific  capacity  much  larger 
than  that  offered  by  conventional  intercalation  reactions  [1  ].  Unfor¬ 
tunately,  the  enormous  volume  changes  generated  during  the 
alloying/de-alloying  processes  cause  critical  mechanical  damage  to 
the  electrode,  resulting  in  cracking  and  crumbling  of  the  electrode 
and  a  remarked  loss  of  capacity  in  the  course  of  a  few  cycles  [2-11  ]. 
Recent  implementations  suggest  that  the  pulverization  problems 
associated  with  the  large  volume  difference  between  the  lithiated 
and  de-lithiated  host  can  be  lessened  by  using  smaller  particle 
morphology  to  reduce  the  absolute  local  volume  changes  of  each 
reactive  grain  [12-14]  and  by  introducing  a  suitable  matrix  to  con¬ 
fine  the  volume  change  and  dissipate  local  mechanical  stresses 
[15-19]. 

However,  such  excitement  needs  to  be  tempered  because 
ensuring  rapid  and  reversible  electrochemical  alloying  is  an 
unavoidable  issue.  The  future  of  such  electrochemical  alloying  in 
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real-life  applications  lies  in  mastering  their  kinetics,  which  is  espe¬ 
cially  acute  when  alloying  rather  than  intercalation  electrode  is 
used  [20,21].  Though  alloying  performance  can  also  benefit  from 
nanostructuring  owing  to  size  confinement  that  alters  particle 
deformation  and  reduces  fracturing,  perhaps  the  greatest  disad¬ 
vantage  of  primary  nanoparticles  is  the  possibility  of  an  increase  in 
undesirable  side  reactions  with  the  electrolyte  due  to  high  surface 
area,  leading  to  self-discharge,  poor  cycling  life  and  safety  concerns 
(the  most  critical  issues  for  lithium-ion  batteries)  [1  ].  Additionally, 
in  most  commercial  lithium-ion  batteries,  the  separator  used  has 
approximately  1  pum  diameter  pores,  thus  nanoscale  particles,  if 
released  from  the  electrode  surface,  may  actually  cross  the  barrier 
and  agglomerate  on  the  other  electrode,  degrading  electrode  per¬ 
formance  and  causing  electrode  failure  [22].  Such  problems  might 
be  addressed  with  internally  nanostructured  materials  (defined 
as  secondary  nanomaterials),  where  the  particles  are  significantly 
larger  than  the  primary  nanoparticles.  Recently,  hierarchically  self- 
assembled  microarchitecture  with  designed  chemical  components 
and  highly  specific  morphologies  is  of  particular  interest  to  sci¬ 
entists  not  only  because  of  its  importance  in  understanding  the 
concept  of  self-assembly  with  primary  building  blocks  but  also 
for  its  great  potential  for  technological  application  [23-29].  As 
well  as  reducing  side  reactions  with  the  electrolyte  and  ensur¬ 
ing  the  electrodes  electronically  separated,  such  open,  porous  and 
interconnective  morphology  design  possesses  several  features  of 
interest  in  the  design  of  novel  electrode  materials  such  as  contin¬ 
uous  percolation  paths  and  efficient  intergrain  electronic  contacts, 
while  maximizing  the  rate  capability  benefits  of  shorter  diffusion 
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pathways  at  the  nanoscale.  Accordingly,  achieving  the  high  power 
and  retaining  a  high  capacity  for  lithium-ion  batteries  become  pos¬ 
sible. 

In  this  investigation,  we  stuck  to  tin-based  composite  oxide 
(TCO)  glasses  [15],  which  have  a  basic  formula  represented  by 
SnMxOy,  where  M  is  a  group  of  glass-forming  elements  (such  as 
B  and  P),  and  chose  amorphous  SnPxOy  as  a  prototype  alloying 
electrode  material.  Herein  we  successfully  designed  a  facile  and 
mild  wet  chemical  route  to  organize  as-formed  nanoplate  build¬ 
ing  components  into  porous  hierarchical  microspheres  with  the 
composition  Sn1.0P1.17O4.72- 

2.  Experimental 

2.1.  Synthesis 

In  a  typical  procedure,  SnCl4  serves  as  a  tin  source  and  NaH2P04 
serves  as  a  phosphor  source.  Our  TCO  hierarchical  microspheres 
were  synthesized  by  mixing  3.1  g  of  SnCl4  and  11.4 g  of  Na2HP04, 
which  was  followed  by  dissolving  40  mL  deionized  water.  The  reac¬ 
tion  was  carried  out  in  a  beaker  equipped  with  a  Teflon-coated 
magnetic  stirring  bar  at  room  temperature.  Subsequently,  10.6  g  of 
HF  10wt%  was  added  to  the  resultant  solution  with  vigorous  stir¬ 
ring.  A  transparent  solution  has  been  shown  to  readily  form  when 
HF  was  added  to  the  above  solution.  When  a  clear  solution  was 
obtained,  2.9  g  of  sodium  dodecyl  sulfate  (SDS)  was  dissolved  in 
20  mL  of  deionized  water,  and  the  resulting  solution  was  added  to 
a  mixture  solution  of  SnCl4  and  Na2HP04.  The  mixture  was  stirred 
for  1  h  and  then  placed  into  a  70  mL  Teflon-lined  autoclave.  The 
autoclave  was  sealed,  maintained  at  150  °C  for  12  h.  After  cooling 
to  room  temperature,  the  precipitate  was  recovered  by  centrifuga¬ 
tion,  followed  by  repeated  washing  with  distilled  water,  and  then 
calcined  at  300 °C  for  3  h. 

2.2.  Characterization 

Powder  X-ray  diffraction  (XRD)  was  performed  on  a  Bruker  08- 
Advance  diffractometer  with  monochromatized  Cu  Ka  radiation 
(A  =  1.5418  A).  The  26  range  used  in  the  measurements  was  from 
10°  to  70°.  Field-emission  scanning  electron  microscope  (FESEM) 
images  were  taken  with  a  JSM-7401F  instrument  using  an  accel¬ 
erating  voltage  of  200  kV.  X-ray  photoelectron  spectroscopy  (XPS) 
data  were  obtained  with  an  ESCALab  220i-XL  electron  spectrometer 
from  VG  Scientific  using  300  W  Al  Ka  radiation.  Elemental  compo¬ 
sitions  of  the  TCO  sample  were  analyzed  by  inductively  coupled 
plasma  (ICP)  spectroscopy  using  acid  digestion  of  the  TCO  sample 
and  an  Optima  3000DV  spectrometer.  A  digestion  procedure  with 
50%  HNO3  alone  or  in  the  presence  of  10%  HF  was  performed  to 
achieve  the  complete  solubilization.  Here,  the  oxygen  content  was 
calculated  from  the  difference  between  sample  weight  and  the  sum 
of  the  P  and  Sn  contributions  in  the  sample. 

2.3.  Electrochemical  measurements 

Galvanostatic  measurements  were  carried  out  using  two- 
electrode  coin  cells  with  lithium  metal  as  the  counter  electrode. 
The  working  electrodes  were  fabricated  by  uniformly  compress¬ 
ing  the  mixture  of  80  wt%  active  materials,  10  wt%  acetylene  black 
(AB)  and  10wt%  polytetrafluoroethylene  (PTFE)  onto  a  copper  foil 
at  2  x  106  Pa.  The  electrode  sheet  was  cut  into  circles,  typically 
150  |jim  thick.  The  pellets  of  the  same  mass  were  dried  in  vacuum 
at  100 °C  for  at  least  8h  and  then  assembled  as  coin  cells  in  an 
Ar-filled  Labconco  glovebox.  The  electrolyte  solution  was  1  M  LiPF6 
dissolved  in  a  mixture  of  ethylene  carbonate  (EC),  dimethyl  car¬ 
bonate  (DMC),  and  diethyl  carbonate  (DEC)  with  the  volume  ratio 


of  EC:DMC:DEC  =  1:1:1.  Charge-discharge  tests  were  conducted  at 
20  °C  using  a  Roofer  Battery  Tester  (Shenzhen,  China)  operating  in 
galvanostatic  mode. 

3.  Results  and  discussion 

The  morphology  of  the  product  obtained  was  investigated 
by  FESEM.  Fig.  la  shows  the  FESEM  image  of  a  typical  sample 


Fig.  1.  FESEM  images  of  the  TCO  hierarchical  microspheres. 


336 


Q,  Wang  et  al.  /  Journal  of  Power  Sources  182  (2008)  334-339 


Fig.  2.  (a)  XRD  pattern  and  (b-d)  XPS  spectra  of  the  TCO  hierarchical  microspheres:  (b)  Sn  3d  region,  (c)  P  2p  region,  and  (d)  0  Is  region. 


composed  of  many  uniform,  spherelike  architectures  with  diam¬ 
eters  ranging  from  1.5  to  2  p,m.  The  detailed  morphologies  of 
the  spherelike  architectures  are  shown  in  Fig.  lb  and  c,  which 
clearly  reveal  that  the  entire  structure  of  the  architecture  is  built 
from  several  dozen  nanoplates  with  smooth  surfaces.  As  exhib¬ 
ited  in  Fig.  lc,  these  nanoplates  are  ca.  20  nm  thick  and  500  nm 
wide,  and  connected  to  each  other  to  assemble  into  porous  hier¬ 
archical  microspheres.  The  corresponding  powder  XRD  pattern 
provides  structural  information  for  the  obtained  product,  as  shown 
in  Fig.  2a.  A  broad  band  of  weak  diffraction  between  20°  and  30°  was 
observed,  without  concomitance  of  any  diffraction  line  assigned  to 
crystalline  forms.  This  distribution  is  characteristic  of  amorphous 
TCO  glasses,  essentially  similar  to  the  previous  result  observed 
for  Sni  0B0.56Po.4oAlo.42  03.6  (average  grain  size  of  5-10  |xm)  [9,15]. 
Our  XRD  intensity  is  generally  weak  and  no  characteristic  peaks 
can  be  identified.  These  materials  are  therefore  largely  amorphous 
with  low  degrees  of  long-range  order.  Some  examples  pertain¬ 
ing  to  the  finding  are  the  tin  oxides  in  glassy  matrix  (SnBxPyOz) 
[9,15].  It  can  be  observed  (not  shown)  that  the  intensity  of  the 
peak  slightly  increased  when  as-obtained  sample  was  calcined  at 
over  400  °C  temperatures  under  air  flow.  Flowever,  annealing  over 
400  °C  of  as-obtained  sample  would  result  in  loss  of  the  hierarchi¬ 
cally  microspherical  morphology.  Thus,  in  this  work,  300  °C  was 
chosen  as  calcination  temperature  in  order  to  remove  water  and 
retain  the  original  morphology  of  the  hierarchical  microspheres. 
Important  information  about  the  element  composition  and  chem¬ 
ical  valence  of  the  product  obtained  can  be  provided  by  XPS,  as 
shown  in  Fig.  2b-d.  The  binding  energies  obtained  in  the  XPS  anal¬ 
ysis  were  corrected  for  specimen  charging  by  referencing  the  C  Is 
to  284.6  eV.  In  Fig.  2b,  there  are  two  strong  peaks  at  ca.  487.7  and 
496.1  eV  binding  energies,  which  can  be  attributed  to  Sn  3d5/2  and 
Sn  3d3/2,  respectively,  being  in  agreement  with  the  literature  values 
for  Sn  (IV)  in  the  bulk  [30].  Besides,  the  P  2p  and  Ols  binding  ener¬ 


gies  in  Fig.  2c  and  d  are  usually  centered  at  ca.  134.3  and  532.2  eV, 
respectively  [31].  Consequently,  on  the  basis  of  the  quantification 
of  Sn  3d,  P  2p  and  Ols  peaks,  our  sample  can  be  reasonably  formu¬ 
lated  as  Sn10P1.17O4.72,  which  is  consistent  with  the  result  analyzed 
by  ICP  measurements  (shown  in  Table  1).  Structurally,  Sn  (IV)  is 
supposed  to  form  the  electrochemically  active  center  for  lithium 
alloying  and  de-alloying,  and  the  other  group  makes  up  an  elec¬ 
trochemically  inactive  random  network  of  -(P-O)-  bonding  that 
homogeneously  and  anisotropically  delocalizes  the  Sn  (IV)  active 
center  [15]. 

In  order  to  understand  the  formation  process  of  such  TCO  hierar¬ 
chical  microspheres,  we  carried  out  time-dependent  experiments 
during  which  samples  were  collected  at  different  time  intervals. 
Fig.  3a-d  shows  the  FESEM  images  of  the  samples  taken  from  the 
reaction  mixture  at  different  periods  of  time  (1,  3,  6,  and  9h  at 
150  °C,  other  conditions  are  the  same  as  those  described  in  Sec¬ 
tion  2).  Such  a  process  is  consistent  with  previous  reports  of  a 
so-called  two-stage  growth  process,  which  involves  a  fast  nucle- 
ation  of  amorphous  primary  particles  followed  by  a  relatively  slow 
aggregation  of  primary  particles  [23,26-28].  As  shown  in  Fig.  3a,  at 
the  early  stage,  the  sample  was  composed  of  ca.  50  nm  nanopar¬ 
ticles,  which  became  the  nuclei  and  quickly  grew  into  primary 
nanoplates  approximately  100  nm  in  size.  In  the  following  sec¬ 
ondary  growth  stage  (Fig.  3b  and  c),  the  in  situ  formed  nanoplate 
building  units  gradually  grew  and  spontaneously  aggregated  into 


Table  1 

Elemental  compositions  of  the  TCO  hierarchical  microspheres  analyzed  by  XPS  and 
ICP  spectroscopy,  respectively 


Sn 

P 

O 

XPS 

1.0 

1.17 

4.72 

ICP 

1.0 

1.15 

4.65 
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Fig.  3.  FESEM  images  of  the  morphological  evolution  process  of  the  TCO  precursors  collected  at  different  intervals:  (a)  1  h,  (b)  3  h,  (c)  6h,  and  (d)  9  h. 


ca.  500-800  nm  spherelike  architectures.  As  the  reaction  proceeded 
(Fig.  3d),  these  spherelike  architectures  continued  to  expand  by 
combining  with  the  remaining  primary  nanoplates,  eventually 
forming  more  than  1  p,m  porous  hierarchical  microspheres  with 
a  yield  of  ca.  100%.  Several  factors,  including  electrostatic  and  dipo¬ 
lar  fields  associated  with  the  aggregation,  van  der  Waals  forces, 
hydrophobic  interactions  and  hydrogen  bonds,  may  have  various 
effects  on  the  self-assembly  processes  [28].  Based  on  different 
driving  mechanisms,  large-scale  self-assembly  of  low-dimensional 
building  blocks  into  complex  three-dimensional  ordered  architec¬ 
tures  is  still  a  challenge  for  material  scientists. 

Shown  in  Fig.  4a  are  the  potential  versus  capacity  profiles  for  the 
TCO  hierarchical  microspheres,  cycled  at  a  1C  rate  (with  C  being 
defined  as  the  full  use  of  the  capacity  in  1  h)  in  the  0.005-1.5  V 
potential  window.  All  reported  potential  values  are  given  versus 
Li/Li+  and  the  rate  is  calculated  by  supposing  the  whole  active  mate¬ 
rial  being  reduced  during  the  first  discharge.  As  has  already  been 
established  in  the  previous  works  [4,9],  the  reduction  of  SnPxOy 
glasses  by  lithium  consists,  during  the  first  discharge,  of  two  sep¬ 
arated  and  distinct  processes  that  become  highly  intermixed  upon 
cycling.  The  two-phase  reaction,  involving  a  reduction  of  SnPxOy 
and  lithium  ion  to  metallic  tin  and  lithium  phosphate  and  an  alloy¬ 
ing  of  the  tin  with  lithium,  can  be  described  as  follows: 

SnPxOy  +  zLi+  +ze-  ->  Sn  +  LizPxOy  (1) 

nLi+  +  ne-  +  Sn  -*  LinSn  (0  <n<  4.4)  (2) 

It  can  be  considered  that  the  participation  of  lithium-ion  coordi¬ 
nation  in  reversible  charge-discharge  reactions  takes  place  at  the 
bonding  orbital  of  Sn-O,  accompanied  by  partial  electronic  reduc¬ 
tion  of  both  Sn  (IV)  and  Li+,  but  not  forming  a  state  of  metallic 
lithium  (safe  lithium-storage  mechanism)  [2,3,7].  The  formation  of 
the  lithium  phosphate  and  metallic  tin  is  an  irreversible  reaction 
mainly  responsible  for  the  irreversible  capacity,  and  the  reversible 


alloying  and  de-alloying  processes  offer  reversible  storage  capac¬ 
ity  in  this  system.  The  anisotropic  random  network  of  the  glass 
structure  accounts  for  why  there  is  a  wide  potential  distribution 
in  lithium  uptake  and  release  as  exhibited  by  the  gentle  slope  in 
the  charge/discharge  curves  [15].  In  the  first  discharge/charge  pro¬ 
cess,  the  discharge  capacity  was  about  933  mAh  g-1  and  the  charge 
capacity  was  about  463  mAh  g-1,  resulting  in  an  initial  capacity 
loss  of  about  50%.  Fig.  4b  shows  the  discharge  capacities  versus 
the  number  of  cycles  at  a  1C  rate.  The  cycling  behavior  shows  a 
progressive  “activation”,  which  highlights  a  slight  increase  in  capac¬ 
ity  with  increasing  cycle  numbers.  The  initial  specific  capacity  was 
about  470  mAh  g-1,  and  was  gradually  increased  to  a  maximum 
value  of  about  590  mAh  g-1  after  6  cycles,  which  corresponds  to 
nearly  twice  the  level  of  existing  state-of-the-art  carbon  materials 
[1].  The  reversible  capacity  was  maintained  at  about  514  mAh  g-1 
after  20  cycles,  and  the  discharging  capacity  retention  was  more 
than  87%.  This  capacity  retention  is  far  superior  to  that  of  previously 
reported  amorphous  or  crystalline  TCO  [2-9].  The  analysis  of  the 
first  charge  and  discharge  potential-capacity  curves  shows  the  dif¬ 
ferent  steps.  Compared  to  the  case  of  pure  Sn02  [2,3,7],  the  smooth 
curves  without  the  characteristic  steps  of  the  TCO  are  indicative 
of  equilibration  between  the  various  phases  of  LiSn  alloys  formed 
during  Li  intercalation  and  deintercalation.  As  the  current  density 
used  was  relatively  low,  the  non-observance  of  stepwise  forma¬ 
tion  is  probably  not  due  to  kinetic  effects,  but  rather  a  confirmation 
of  the  amorphous  nature  of  the  TCO  with  a  pervasive  matrix.  The 
TCO  shows  remarkably  good  capacity  retention  with  the  cell  still 
retaining  87%  of  its  initial  oxidation  capacity  after  20  cycles.  This 
is  certainly  much  better  than  most  of  the  performances  previously 
reported  for  any  bulk  tin  oxide  based  materials,  where  significant 
loss  of  reversible  capacity  occurs  within  the  first  10-20  cycles  [2-9]. 
Courtney  and  Dahn  [3]  presented  results  that  show  that  the  rate  of 
tin  aggregation  and  capacity  fade  decreases  with  increasing  num¬ 
ber  of ‘spectator  atoms’  (P)  per  tin  atom,  for  a  range  of  amorphous 
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Fig.  4.  Electrochemical  performance  of  the  TCO  hierarchical  microspheres  galvano- 
statically  cycled  between  0.005  and  1.5  V  vs.  Li+/Li.  (a)  Voltage-capacity  profiles  at 
a  rate  of  1C.  (b)  The  corresponding  plots  of  discharge  capacity  retention,  (c)  The 
normalized  capacity  is  plotted  versus  rate  ranging  from  1C  to  6C. 


SnxPyOz  compositions.  This  means  that  there  is  a  trade-off  between 
good  cyclability  and  large  specific  capacity.  Among  the  TCO  tested 
here,  though  the  P/Sn  ratio  is  higher  than  1,  this  P-rich  composi¬ 
tion  has  little  influence  on  the  potential-capacity  curves.  Another 
performance  regarding  the  TCO  hierarchical  microspheres  as  an 
electrode  material  is  to  determine  the  rate  capability.  For  that,  a 
rate  capability  test  was  planned  for  the  electrode  after  its  20th  dis¬ 


charge.  Fig.  4c  shows  the  variation  of  the  capacity  as  a  function  of 
the  applied  rate  expressed  in  terms  of  C  over  a  range  of  0.005-1.5  V. 
Strikingly,  the  electrode  can  sustain  high  rates  and  it  turns  out  that 
more  than  70%  of  the  reversible  capacity  could  be  delivered  even  at  a 
6C  rate,  which  has  not  been  described  previously  to  our  knowledge. 
The  diffusion  of  lithium  ions  is  very  complex  because  the  nature 
of  the  electrolyte  phase,  the  solid-liquid  interface,  the  tortuosity, 
and  the  size  of  the  electrode  material  has  to  be  considered  [29]. 
Herein  we  only  consider  the  overall  process  by  assuming  that  the 
diffusion  coefficient  is  independent  of  these  factors,  which  means 
that  the  diffusion  length,  L,  can  be  estimated  as  (Dt)1/2,  where  D 
and  t  are  the  diffusion  coefficient  and  time,  respectively.  We  intro¬ 
duced  a  lithium-ion  pathway  through  the  porosity  obtained  via 
nanoplate  assemblies  and  an  electronic  pathway  through  the  three- 
dimensional,  glass-phase  network  by  assembling  nanoplates  into 
the  electrode  material  to  give  a  porous  microarchitecture  that  is 
able  to  undergo  a  rapid  charge/discharge  process,  which  differs 
from  the  traditional  concept  of  lithium  ion  insertion/extraction  into 
bulk  crystalline  materials. 

The  significance  of  these  results  is  a  demonstration  that 
outstanding  rate  and  cycling  capability  from  electrochemical  alloy¬ 
ing  is  possible  by  using  the  unique  three-dimensional  porous 
microarchitecture  with  subtle  nanosized  features.  Such  hierarchi¬ 
cal  microspheres,  with  an  interconnected  network  of  nanoplate 
building  blocks,  facilitate  the  liquid  electrolyte  to  penetrate  every 
part  of  the  microsphere,  which  expose  more  accessible  surface 
sites  for  lithium  ions  to  enter  the  microsphere  and  decrease  the 
possibility  of  local  destruction  of  structure  due  to  large  lithium 
ion  flux,  especially  at  high  charge/discharge  rates.  Moreover,  the 
self-assembly  of  the  primary  nanoplates  throughout  the  micro¬ 
spheres  also  allows  more  facile  lithium  diffusion,  while  the  internal 
nanoplates  shorten  lithium  diffusion  distances,  which  are  critical 
features  in  expediting  the  rate  capability  of  the  microspheres  by 
avoiding  ion  depletion  regions  or  concentration  gradients  that  can 
degrade  cell  performance.  On  the  other  hand,  the  porosity  obtained 
via  nanoplate  assemblies  within  the  microspheres  not  only  help 
accommodate  the  mechanical  stress  resulting  from  the  large  vol¬ 
ume  change  during  alloying  and  de-alloying  cycles  to  maintain  the 
structure  integrity,  but  also  prevent  agglomeration  or  growth  of  the 
tin  grains,  offering  microstructural  stability. 

4.  Conclusions 

In  summary,  to  benefit  from  the  large  capacity  gain  advan¬ 
tages  offered  by  lithium-induced  electrochemical  alloying  and  to 
overcome  poor  kinetics,  a  novel  concept  to  tackle  such  issues 
by  using  porous  hierarchical  microspheres  with  an  intercon¬ 
nected  network  of  nanoplate  building  blocks,  has  been  introduced 
and  demonstrated  with  Sn1.0P1.17O4.72  glass  as  an  example.  Such 
desired  three-dimensional  microarchitectures  with  exciting  nano¬ 
size  effects  can  be  exploited  to  fabricate  next  generation  of 
lithium-ion  batteries  where  outstanding  rate  capability  and  sus¬ 
tained  reversible  capacity  are  achieved.  Such  a  philosophy  paves  the 
way  for  further  advances  in  the  efficient  use  of  electrode  materials 
operating  through  electrochemical  alloying. 
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